Aims/hypothesis Hyperlipidaemia is an independent risk factor for the progression of diabetic nephropathy, but its molecular mechanism remains elusive. We investigated in mice how diabetes and hyperlipidaemia cause renal lesions separately and in combination, and the involvement of Toll-like receptor 4 (TLR4) in the process. Methods Diabetes was induced in wild-type (WT) and Tlr4 knockout (KO) mice by intraperitoneal injection of streptozotocin (STZ). At 2 weeks after STZ injection, normal diet was substituted with a high-fat diet (HFD). Functional and histological analyses were carried out 6 weeks later. Results Compared with treatment with STZ or HFD alone, treatment of WT mice with both STZ and HFD markedly aggravated nephropathy, as indicated by an increase in albuminuria, mesangial expansion, infiltration of macrophages and upregulation of pro-inflammatory and extracellularmatrix-associated gene expression in glomeruli. In Tlr4 KO mice, the addition of an HFD to STZ had almost no effects on the variables measured. Production of protein S100 calcium binding protein A8 (calgranulin A; S100A8), a potent ligand for TLR4, was observed in abundance in macrophages infiltrating STZ-HFD WT glomeruli and in glomeruli of diabetic nephropathy patients. High-glucose and fatty acid treatment synergistically upregulated S100a8 gene expression in macrophages from WT mice, but not from KO mice. As putative downstream targets of TLR4, phosphorylation of interferon regulatory factor 3 (IRF3) was enhanced in kidneys of WT mice co-treated with STZ and HFD. Conclusions/interpretation Activation of S100A8/TLR4 signalling was elucidated in an animal model of diabetic glomerular injury accompanied with hyperlipidaemia, which may provide novel therapeutic targets in progressive diabetic nephropathy.
Introduction
Diabetic nephropathy is one of the most prevalent causes of end-stage renal disease (ESRD) [1] . Despite progress in pharmacological strategies to control diabetes, hypertension and other metabolic abnormalities, the number of patients entering ESRD because of diabetic nephropathy remains extremely high, and the development of new classes of therapeutic reagents is eagerly anticipated [2] . During recent decades, the pathophysiology of diabetic nephropathy has become complex and serious because of coexisting lifestylerelated disorders, such as hyperlipidaemia, hypertension and obesity [3] . In fact, hyperlipidaemia is an independent risk factor for the progression of diabetic nephropathy in both type 1 and type 2 diabetes [4, 5] , but the underlying molecular mechanism remains elusive [6] . Toll-like receptors (TLRs) are a family of receptors that play a critical role in the innate immune system by activating proinflammatory signalling pathways in response to molecular patterns synthesised by microorganisms [7] . TLR4, one of the best-characterised TLRs, binds with lipopolysaccharide from Gram-negative bacterial cell walls and with several endogenous ligands [7] . TLR4 also plays an important role in various kidney disorders, such as glomerulonephritis, renal ischaemia and diabetic tubular inflammation [8] [9] [10] [11] [12] [13] , but the role of TLR4 in diabetic glomerular injury and hyperlipidaemia-induced kidney damage remains largely unknown.
In the current study, TLR4 and its novel endogenous ligand S100 calcium binding protein A8 (S100A8) emerged as candidate molecules involved in the progression of diabetic nephropathy by our microarray analysis performed in two different types of diabetic mouse models. Furthermore, we examined the effects of high-fat diet (HFD) feeding on streptozotocin (STZ)-induced diabetes in Tlr4 knockout (KO) and wild-type (WT) mice in order to elucidate the mechanism for the progression of diabetic nephropathy caused by hyperlipidaemia.
Methods
Experimental animals Male Tlr4 KO [14] and WT mice with a C57BL/6 J genetic background were studied. To generate a mouse model of diabetes complicated by hyperlipidaemia, 8-week-old mice were intraperitoneally injected with STZ (100 mg/kg body weight in citrate buffer, pH 4.0; Sigma-Aldrich, St Louis, MO, USA) or vehicle for 3 consecutive days. After 2 weeks, normal diet (ND; NMF, 14.7 kJ/g [3.5 kcal/g], 13% of energy as fat; Oriental Yeast, Tokyo, Japan) was substituted with an HFD (D12451, 19.7 kJ/g [4.7 kcal/g], 45% of energy as fat; Research Diets, New Brunswick, NJ, USA) in subgroups of animals, and all were killed for analysis at 8 weeks after STZ treatment. In another set of experiments, 8-week-old male db/db mice (on a BKS genetic background; Japan Clea, Tokyo, Japan) were randomly assigned to ND or HFD (D12492, 21.8 kJ/g [5.2 kcal/g], 60% of energy as fat; Research Diets) groups and followed for 4 weeks. All animal experiments were conducted in accordance with the Guidelines for Animal Research Committee of Kyoto University Graduate School of Medicine.
Human biopsy samples Human kidney samples obtained at renal biopsy carried out in our department were used for immunohistochemistry. The human study protocol was approved by the Ethical Committee on Human Research of Kyoto University Graduate School of Medicine. All participants gave written informed consent.
Measurement of metabolic variables
Metabolic variables were measured as described previously [15, 16] . Briefly, blood pressure was measured by indirect tail-cuff method (Muromachi Kikai, Tokyo, Japan). Urine samples were collected with metabolism cages, and urinary albumin was measured with competitive ELISA (Exocell, Philadelphia, PA, USA). Serum and urinary creatinine levels were assayed by enzymatic method (SRL, Tokyo, Japan) [17] . Plasma glucose, triacylglycerol and total cholesterol levels were measured, under conditions of ad libitum feeding, using an enzymatic method (Wako Pure Chemicals, Osaka, Japan). Plasma insulin levels were measured by enzyme immunoassay (Morinaga, Tokyo, Japan). For measurement of tissue triacylglycerol content, lipids were extracted with isopropyl alcohol/heptane (1:1 [vol./vol.]) from frozen kidney samples. After evaporating the solvent, lipids were resuspended in 99.5% ethanol and triacylglycerol contents were measured as described above.
Real-time quantitative RT-PCR Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and cDNA in each sample was synthesised using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) from mouse kidneys and glomeruli isolated by graded sieving method [18, 19] . TaqMan real-time PCR was performed using Premix Ex Taq (Takara Bio, Otsu, Japan) and StepOnePlus Real Time PCR System (Applied Biosystems, Foster City, CA, USA). See Electronic supplementary material (ESM) Table 1 for primer and probe sequences. Expression levels of all genes were normalised by Gapdh (internal control) levels. The mean expression level in whole kidney of WT non-treated control mice was arbitrarily defined as 1.0.
Histological analysis Periodic acid-Schiff (PAS) staining of the mesangial area and immunohistochemistry of S100A8 (requiring antigen retrieval by citrate buffer) and lectin, galactoside-binding, soluble, 3 (MAC-2 or LGALS3) [18] were carried out using kidney sections (thickness 4 μm) fixed with 4% buffered paraformaldehyde. Nuclei were counterstained with haematoxylin. All the primary antibodies used in this study are shown in ESM Table 2 . For double staining, primary antibody for S100A8 was visualised with DyLight-conjugated secondary antibody (Takara Bio, Otsu, Japan). Immunofluorescence of podocin (or NPHS2) was performed with snap-frozen cryostat sections (4 μm), pretreated with cold acetone and 0.1% Triton-X100, and with primary and FITC-labelled secondary antibodies. Photographs were taken by a fluorescence microscope (IX81-PAFM; Olympus, Tokyo, Japan). Mesangial and podocin-positive areas of more than ten glomeruli from the outer cortex were measured quantitatively to obtain an average for each mouse using MetaMorph 7.5 software (Molecular Devices, Downingtown, PA, USA). Formalin-fixed, snap-frozen sections (10 μm) were stained with Oil Red O to evaluate lipid-droplet-positive areas.
Microarray analysis Two different types of diabetic mouse model were employed for microarray analysis. Male A-ZIP/ F-1 heterozygous transgenic mice and control male FVB/N littermates were used at 10 months of age, when A-ZIP/F-1 mice exhibited diabetic nephropathy with massive proteinuria [20] . The other model was STZ-induced, insulindependent, diabetic C57BL/6 J male mice (Japan Clea) in which diabetes was induced at 9 weeks of age by single intraperitoneal injection of STZ (180 mg/kg); mice were analysed 8 weeks later. We essentially followed the procedures described in detail in the GeneChip Eukaryotic Target Preparation & Hybridization Manual (Affymetrix, Santa Clara, CA, USA). In brief, cDNA was synthesised and biotin-labelled cRNA was produced through in vitro transcription labelling Kit (Affymetrix). Fragmented cRNA was hybridised to GeneChip Mouse Genome 430 2.0 Array (Affymetrix) at 45°C for 16 h. The samples were washed and stained according to the manufacturer's protocol on GeneChip Fludisc Station 450 (Affymetrix) and scanned on GeneChip Scanner 3000 (Affymetrix).
PCR array analysis To eliminate contaminating genomic DNA, total RNA extracted from kidney samples was purified using RNeasy Mini Kit (QIAGEN Sciences, Maryland, MD, USA). First-strand cDNA was synthesised from total RNA using the RT2 first-strand kit (SABiosciences, Frederick, MD, USA). The mouse TLR-signalling pathway RT2 Profiler PCR plate (PAMM-018, SABiosciences) and StepOnePlus were used for amplification of cDNA. The analysis used 96 well plates containing gene-specific primer sets for 84 relevant TLR pathway genes, five housekeeping genes and two negative controls. The cycle threshold (C t ) was determined for each sample and normalised to the average C t of the five housekeeping genes. The comparative ΔC t method (SABiosciences) was used to calculate relative gene expression.
Western blot analysis Proteins extracted from kidney samples were separated by SDS-PAGE, transferred onto PVDF membranes, incubated with primary antibodies and detected with peroxidase-conjugated secondary antibodies and chemiluminescence [19] . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control.
Cultured macrophages Palmitate (Sigma-Aldrich) was solubilised in ethanol, and combined with fatty-acid-free, low endotoxin, bovine serum albumin (Sigma-Aldrich) at a molar ratio of 10:1 in serum-free medium. Polymyxin B (10 μg/ml, Nacalai Tesque, Kyoto, Japan) was added to each well to minimise contamination of endotoxin. Bone marrow-derived macrophages (BMDMs) were generated from mice as described previously [21] . Briefly, following lysis of erythrocytes, bone marrow cells were resuspended in medium containing 20% fetal calf serum and 50 ng/ml recombinant human macrophage colony-stimulating factor, and cultured at 37°C in 5% CO 2 atmosphere. On day 6, the medium was replaced with fresh medium containing 5.6 mmol/l or 25 mmol/l glucose. On day 7, macrophages were incubated with palmitate or vehicle for 24 h. Total RNA from cells was extracted with RNeasy Mini Kit, and mRNA expression levels of S100a8 and Tlr4 were determined by TaqMan real-time RT-PCR.
Statistical analysis Data are expressed as means±SEM. Differences between multiple groups were assessed by two-way factorial ANOVA with Bonferroni's post test. Comparisons between two groups were carried out by unpaired Student's t test. Statistical significance was defined as p<0.05.
Results
Changes of metabolic variables and albuminuria in WT diabetic mice given a fat-rich diet Metabolic variables of non-STZ (nSTZ)-HFD, STZ-ND, STZ-HFD and control nSTZ-ND groups of WT mice are shown in Table 1 . HFD treatment (compared with ND) in nSTZ mice caused significant elevation of body weight, plasma glucose, insulin, triacylglycerol and total cholesterol levels. STZ treatment (compared with nSTZ) in ND mice caused significant body weight loss and significant elevation of plasma glucose, triacylglycerol and total cholesterol levels. Treatment of STZ mice with HFD resulted in large exacerbation of hypertriacylglycerolaemia (by 2.3-fold) without significant changes in other above-mentioned variables (Table 1) . Consistently, renal lipid deposition in STZ-HFD mice was markedly increased compared with STZ-ND mice (Fig. 1a, b ). Blood pressures were not significantly different among the four treatment groups (Table 1) .
Concerning albuminuria, one of the representative abnormalities that characterise diabetic nephropathy [2] , albumin excretion in STZ-ND was elevated by 2.3-fold at 8 weeks compared with nSTZ-ND mice (Fig. 1c) . The addition of HFD to STZ mice further enhanced albuminuria approximately twofold. To investigate podocyte injury, we investigated whether podocin protein production is decreased in the glomeruli of STZ-HFD mice [19] . Glomerular podocin level was significantly reduced in STZ-ND compared with nSTZ-ND and was lowest in STZ-HFD (Fig. 1e, f) . Also, in obese, type 2 diabetic db/db mice, albuminuria was exaggerated by HFD (ESM Fig. 1 ). To summarise, treatment of WT mice with a combination of HFD and STZ resulted in marked enhancement of hypertriglycerolaemia, renal lipid deposition, podocyte damage and albumin excretion.
Gene expression analysis of pro-inflammatory and extracellular-matrix-associated genes in whole kidney and glomeruli and histological examination We measured mRNA levels of pro-inflammatory and extracellular matrix (ECM)-associated genes both in whole kidney and isolated glomeruli (Fig. 2 , ESM Table 3 ). The former set of genes included Mcp1 (also known as Ccl2, encoding monocyte chemoattractant protein-1 [MCP1]), F4/80 (also known as Emr1), Cd68, Tnfa (also known as Tnf [encoding TNF]), Pai1 (also known as Serpine1 [encoding plasminogen activator inhibitor-1]) and Il1b (encoding IL1β). The latter set comprised Tgfb1 (encoding TGFβ1), Fn (also known as Fn1 [encoding fibronectin]), Col4a3 (encoding type IV collagen alpha 3 chain), Ctgf (encoding connective tissue growth factor [CTGF]) and Mmp2 (encoding matrix metalloproteinase 2). We found that expression levels of these genes in glomeruli and whole kidney were mildly elevated in WT STZ-ND compared with WT nSTZ-ND mice, in general (Fig. 2, ESM Table 3 ). Gene expression levels were further upregulated in WT STZ-HFD animals. Of note, differences between nSTZ-HFD and nSTZ-ND groups were (Fig. 2) . Histological analysis also showed that MAC-2-positive-macrophage infiltration into glomeruli ( Fig. 3a) and renal interstitium (ESM Fig. 2 ) and glomerular mesangial expansion (Fig. 3b) in STZ-HFD mice were markedly more pronounced than in STZ-ND mice.
Screening of candidate genes involved in the pathogenesis of diabetic nephropathy To identify candidate molecules potentially involved in the pathophysiology of diabetic nephropathy, we analysed gene expression profiles of diabetic mouse glomeruli by microarray (ESM Table 4 ). We compared two types of diabetic nephropathy from STZ-induced and A-ZIP/F-1 lipoatrophic diabetes mice. We selected commonly regulated genes to minimise interference from the renal toxicity of STZ, genetic background [22] and direct insulin or leptin target molecules [23] . The list of genes commonly upregulated in these two models included proinflammatory and ECM-associated genes and also ones encoding TLRs (ESM Table 4 ). As pairs of cell surface receptors and their ligands provide attractive seeds for future therapeutic targets, we focused on TLR4, for which glomerular levels were elevated by 1.7-fold by STZ and 5.8-fold in A-ZIP/F-1 compared with each control by microarray. We further examined the expression of genes encoding molecules reported to be endogenous ligands for TLR4 [7] , and identified S100a8 (also known as Mrp8) and S100a9 (also known as Mrp14]) [24] , for which glomerular gene expression was commonly upregulated in two models of diabetic nephropathy by microarray (ESM Table 4 ). Upregulation of Tlr4 and S100a8 gene expression in glomeruli of STZ and A-ZIP/F-1 mice was confirmed by quantitative RT-PCR (ESM Fig. 3a, b) . Moreover, in STZ-HFD mice, expression of these genes was further potentiated compared with other groups such as STZ-ND and nSTZ-HFD, especially in (Fig. 4a) , but not in whole kidney (ESM Fig. 4) . However, there was no significant increase in the expression of genes encoding other endogenous ligands for TLR4, such as Hmgb1, at the same time in both STZ and A-ZIP/F-1 mice compared with their respective controls, as assessed by microarray (ESM Table 4 ) or by quantitative RT-PCR (ESM Fig. 3c, d) .
Production of S100A8 protein in diabetic kidney We performed immunohistochemical analyses of S100A8 protein in the kidneys both in STZ-HFD mice and human biopsy samples. In mice, abundance of S100A8 protein, in a punctate pattern, was observed predominantly in glomeruli of WT STZ-HFD mice, while S100A8 abundance was much lower in glomeruli of nSTZ-ND, nSTZ-HFD and STZ-ND groups (Fig. 4b, ESM Fig. 5 ). S100A8 protein was also detected in the interstitium of STZ-HFD mice but less abundantly than in the glomeruli. Double immunostaining revealed that 86% of S100A8 signals co-localised with macrophage marker MAC-2 in the glomeruli of STZ-HFD mice (Fig. 4c) . In humans, S100A8 was abundantly detected in the glomeruli of patients with diabetic nephropathy, but not obviously in glomeruli of minor glomerular abnormality or minimal change nephrotic syndrome cases (Fig. 5) .
Effects of Tlr4 defect on STZ-HFD mice and on BMDMs
To elucidate a functional role played by TLR4 in the progression of diabetic nephropathy accelerated by diet-induced hyperlipidaemia, we investigated the effects of STZ and HFD in Tlr4 KO mice. In baseline nSTZ-ND conditions, KO mice showed significantly heavier body weights compared with WT mice, paralleled by mildly elevated plasma levels of glucose, insulin, triacylglycerol and total cholesterol in KO mice (Table 1) . Plasma glucose levels in KO nSTZ-HFD mice were slightly lower compared with their WT counterparts. These findings are consistent with previous observations indicating that, compared with WT mice, Tlr4 KO mice are prone to accumulation of fat but resistant to development of insulin resistance when challenged with an HFD [25, 26] . When STZ-HFD conditions were compared between KO and WT mice, the levels of plasma glucose and total cholesterol and renal lipid deposition were similar among the genotypes, and plasma triacylglycerol levels tended to be higher in KO than WT mice (Table 1, Fig. 1b) . On the other hand, exacerbation of albuminuria and suppression of glomerular podocin protein production resulting from HFD treatment in WT STZ mice were all largely blunted in KO STZ animals ( Fig. 1c-f) . Additionally, infiltrated macrophage counts in glomeruli and renal interstitium and mesangial expansion were remarkably smaller in KO STZ-HFD mice than in WT STZ-HFD mice (Fig. 3, ESM Fig. 2) . Furthermore, upregulation of proinflammatory (Mcp1 and Pai1), pro-fibrotic (Fn and Ctgf), S100a8 and S100a9 gene expression and S100A8-positive cell counts caused by HFD treatment in glomeruli of WT STZ mice were almost completely abolished in KO STZ mice (Figs 2 and 4a, b, ESM Fig. 5 ). These findings indicate that, despite similar degrees of metabolic abnormalities caused With regard to comparison between WT and Tlr4 KO mice treated with STZ alone (STZ-ND mice), urinary albumin excretion (Fig. 1c, d ), glomerular podocin production (Fig. 1e, f) , glomerular gene expression of Mcp1, Pai1, Fn, Ctgf, S100a8, and S100a9 (Figs 2 and 4a) , and glomerular macrophage infiltration (Fig. 3a) were all similar among two genotypes, suggesting that Tlr4 does not strongly participate in early and mild changes of diabetic nephropathy. Concerning HFD treatment alone (nSTZ-HFD mice), there were no significant differences in urinary albumin excretion and glomerular podocin production between WT and KO mice (Fig. 1c-f) , while glomerular S100a9 gene expression (Fig. 4a) and glomerular macrophage infiltration (Fig. 3a) were significantly attenuated in KO compared with WT mice, suggesting that treatment solely with HFD significantly activated circulating macrophages in WT mice but the TLR4-mediated signal in nSTZ-HFD mice was not sufficient to cause functional changes in the glomeruli.
To gain insights into how the combination of diabetes and hyperlipidaemia resulted in markedly enhanced migration of macrophages into glomeruli, we examined BMDMs. We focused attention on expression of a potent TLR4 ligand, S100A8 [24] . Treatment of WT macrophages with a fatty acid, palmitate, induced S100a8 mRNA upregulation when the cells were cultured in high-glucose conditions, but upregulation was not observed under low-glucose conditions (Fig. 6a) . Furthermore, induction of S100a8 expression by palmitate in high-glucose-treated macrophages did not occur in cells from Tlr4 KO animals (Fig. 6b) . Highglucose treatment slightly increased Tlr4 expression in WT macrophages (Fig. 6c) . western blot analyses of key adaptor proteins and transcription factors which have been reportedly classified into myeloid differentiation primary response gene (88) (MYD88)-dependent, TIR-domain-containing adapter-inducing interferon-β (TRIF)-dependent or common pathways (Fig. 7a ) [7] , using whole kidney lysate. Treatment of WT STZ mice with HFD was associated with increased phosphorylation of inhibitor of κB (IKB) and c-Jun N-terminal kinase (JNK) in a common pathway, and with increased phosphorylation of interferon regulatory factor 3 (IRF3) in a TRIF-dependent pathway, but not with increased protein production of TNF receptorassociated factor 6 (TRAF6) nor increased phosphorylation of interleukin-1-receptor-associated kinase (IRAK) in the MYD88-dependent pathway (Fig. 7b-e) . PCR array analysis, which allows simultaneous evaluation of relevant genes involved in the signalling cascades of TLR1-TLR9, confirmed that in WT STZ-HFD kidneys, TRIF-dependent pathwayinducible genes (Cxcl10, Ifnb1 [encoding interferon β1] and Cd80) and common pathway-inducible genes (Mcp1) were highly upregulated, but genes involved in the MYD88-dependent pathway (Cd14, Ly96 [encoding myeloid differentiation protein-2 {MD-2}], and Traf6) were not changed compared with WT STZ-ND kidneys (ESM Table 5 ). Furthermore, disruption of the Tlr4 gene markedly blocked the activation of the putative TLR4 downstream signalling cascade in STZ-HFD mice (Fig. 7b -e, ESM Table 5 ).
Discussion
In the present study, we have revealed that treatment of WT mice with STZ combined with HFD synergistically aggravated renal lesions, indicated by enhancement of albuminuria, macrophage infiltration, mesangial expansion and proinflammatory/ECM-associated gene induction in glomeruli. These changes were accompanied with upregulation of a TLR4 ligand, S100A8, and activation of putative TRIFdependent pathway downstream of TLR4. In Tlr4 KO mice, the addition of HFD to STZ had almost no effect on kidney damage, suggesting that TLR4 plays an important role in the exacerbation of diabetic nephropathy by hyperlipidaemia.
Of note, treatment with STZ alone caused similar and mild renal changes in WT and KO mice, suggesting that the TLR4 signal may not significantly participate in the onset of diabetic nephropathy at 8 weeks after STZ injection [13] . However, WT mice fed with HFD (nSTZ-HFD) exhibited significantly higher levels of S100a9 gene expression and more macrophage infiltration in glomeruli compared with KO mice, but these effects were not reflected in differences in other renal lesion variables, suggesting that macrophage activation in nSTZ-HFD mice may require longer observation periods than were used in this study in order to be functionally relevant.
Here, to study the effects of an HFD on diabetes, we used a lean model of type 1 diabetes to avoid introducing complexity through alterations in insulin resistance and fat accumulation with the HFD or by Tlr4 gene disruption in the type 2 diabetes model [19, 20] . The HFD-induced and hypertriacylglycerolaemia-associated renal injury observed in this study may have been caused through activation of TLR4 by NEFA [25, 26] , oxidised LDL [27] , or triacylglycerol-rich lipoproteins [6] . Previous studies have proposed that, by direct lipotoxicity on tubular epithelial cells, diet-induced obesity alone is sufficient to cause inflammatory and fibrotic changes in the whole kidney preparations through gene expression of Cd36 or sterol regulatory element-binding protein-1c (Srebp1c) [28] [29] [30] . In the present study, however, treatment of WT mice solely with HFD resulted in very mild renal lesions, probably because we used a diet with a lower fat content and studied the mice for a shorter period of time compared with earlier reports [28] [29] [30] . Furthermore, HFD increased glomerular Cd36 mRNA expression but STZ-induced b a
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LG LG, low glucose; HG, high glucose; pal, palmitate; Veh, vehicle diabetes reduced it, and glomerular Srebp1c expression was decreased both by HFD and STZ (ESM Fig. 6 ), indicating that HFD-induced exacerbation of diabetic nephropathy cannot be explained by upregulation of CD36 or SREBP1C.
S100A8 forms a heterodimer with S100A9, and the complex is one of the most powerful endogenous ligands for TLR4, which is essential for full activation of macrophages endotoxin-induced shock and vascular and autoimmune disorders [24, 31, 32] . TLR4 signalling also plays an important role in the development of various kidney diseases, yet the role of TLR4 in diabetic glomerulopathy or hyperlipidaemiainduced kidney damage remains to be elucidated [8] [9] [10] [11] [12] [13] . Recently, Burkhardt et al and Bouma et al reported that serum S100A8/A9 complex concentrations were elevated in patients with diabetes [33, 34] . In our study, S100A8 protein was abundant in the glomeruli of mice given STZ and HFD and also in glomeruli of patients with diabetic nephropathy, and was mainly produced by macrophages. Furthermore, we found that high glucose and NEFA treatments, when combined, markedly upregulated S100a8 expression in WT macrophages, but not in Tlr4 KO macrophages. These findings suggest that production of S100A8 is not just an indicator of systemic inflammation but may play a pathogenic role in the deterioration of diabetic nephropathy. Functional analysis of S100A8 protein production in diabetic mice is currently under way in our laboratory. Candidate Tlr4-expressing cells in the diabetic kidney include macrophages, podocytes and mesangial and tubular epithelial cells [8, 9] . So far, we have been unable to obtain reliable findings by immunohistochemistry using commercially available antibodies for TLR4, and we are now trying other methods. Of note, upregulation of S100a8 gene expression by HFD in STZ mice was also observed in the liver and aorta, suggesting that the effects of these treatments are not specifically targeted to the kidney but are systemic (ESM Fig. 6 ). HMGB1 is one of endogenous ligands of TLR4 [9] , and AGE-specific receptor (AGER or RAGE) is one of the S100A8 receptors so far identified [35] . Although mRNA expression of these molecules in glomeruli was not upregulated in diabetic mice in this study (ESM Fig. 3 , ESM Table 4 ), we cannot exclude the possibility that they are involved in hyperlipidaemia-induced renal injury.
The macrophage has been presumed to be a critical mediator of diabetic nephropathy [36] [37] [38] , and blockade of the MCP-1/CC chemokine receptor 2 system in diabetic mice leads to reduced albuminuria, mesangial expansion and macrophage infiltration [39] [40] [41] [42] . Secretory factors from macrophages may cause histological and functional changes in glomeruli. For example, TGF β1 (TGFB1) and MCP1, induced in surrounding cells by or secreted directly from activated macrophages, have been shown to upregulate CTGF production [43] and increase albumin permeability in cultured podocytes [44] [45] [46] ; we have recently reported that overproduction of CTGF specifically in podocytes is sufficient to worsen diabetic nephropathy [19] .
Downstream signalling of TLR4 has been divided into MYD88-dependent and TRIF-dependent pathways, leading to early-and late-phase nuclear factor of κ light polypeptide gene enhancer in B cells 1 (NFκB) activation, respectively [7] . In addition, endocytosed TLR4 activates the TRIFdependent pathway [47] . It is interesting to determine whether pathologically accumulated lipids in endosomes of macrophages can cause chronic inflammation via the TRIF-dependent pathway in the kidneys of STZ-HFD mice. Here, in STZ-HFD kidneys, we observed an increase in IRF3 protein phosphorylation and Cxcl10, Ifnb1 and Cd80 mRNA expression, reported to be in the TRIF-dependent pathway, but experiments blocking TRIF activity are required to demonstrate the TRIF dependency of the process.
In conclusion, we have elucidated a novel mechanism of hyperlipidaemia-induced renal damage in diabetic conditions in a TLR4-dependent manner that appears to involve the activation of a S100A8/TLR4 signalling pathway in glomeruli. Further investigation is required to see whether this signalling cascade is relevant in the progression of nephropathy in diabetic patients.
